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Abstract – We have conducted temperature dependent Angle Resolved Photoemission Spec-
troscopy (ARPES) study of the electronic structures of PbTe, PbSe and PbS. Our ARPES data
provide direct evidence for the light hole upper valence bands (UVBs) and hitherto undetected
heavy hole lower valence bands (LVBs) in these materials. An unusual temperature dependent
relative movement between these bands leads to a monotonic decrease in the energy separation
between their maxima with increasing temperature, which is referred as band convergence and
has long been believed to be the driving factor behind extraordinary thermoelectric performances
of these compounds at elevated temperatures.
Introduction. – Lead chalcogenides PbQ (Q=Te, Se,
S) are canonical systems for fundamental studies of ther-
moelectric (TE) properties [1–3] due to their unique elec-
tronic structures. Recently, new concepts of “all scale hi-
erarchical architecture processing” [4–6] have lead to sig-
nificant advancements in their TE performance. For in-
stance, p-type nanostructured PbTe holds the current per-
formance record for high temperature energy conversion
[7–9]. Despite being studied for decades PbQ consistently
surprise us with new findings. One such example is the
recently discovered appearance of local Pb off-centering
dipoles on warming without a structural transition in
PbTe [10,11]. Moreover, these systems have recently been
shown to host various novel quantum states of matter.
For instance, Pb1−xSnxSe, Pb1−xSnxTe are shown to be
topological crystalline insulators [12–20], while supercon-
ductivity along with normal state charge Kondo anomaly
occurs at Tl doped PbTe [21].
In a number of reports, T dependent thermopower of
PbQ has been interpreted in terms of a relative shift with
increase in T [8, 9, 23, 25–27] between two different va-
lence bands—namely, the upper valence bands (UVBs)
with maxima at L points and the lower valence bands
(LVBs) due to secondary valence bands presumably oc-
curring along Γ-K and Γ-X lines with maxima at lower
energies compared to the UVBs [22–24]. Despite simi-
larity in the findings of these studies, there is a marked
disagreement among the reported values of the crossover
temperatures, i.e., T ’s at which separations between max-
ima of UVBs and LVBs vanish. For example, early works
going back to the 1960s and also some of the later ones
concluded a crossover T∼450K in PbTe, while it has re-
cently been shown to be much higher ∼750K [25,26]. More
importantly, there is no direct experimental evidence for T
dependent changes in valence bands. Furthermore, there
are recent alternative descriptions to two-band analysis of
thermopower data [28,29]. Given all these, an in-depth ex-
amination of the electronic structures of these compounds
as a function of T using ARPES is highly desirable.
Recently, there have been a number of important
ARPES works [13–15, 30, 31], on PbTe and PbSe, which
are predominantly focussed on topological aspects of their
electronic structures. In this article, employing T depen-
dent ARPES measurements on PbQ, we resolve a lingering
issue in the field: How does rising T impact their valence
bands? Here, we show: (i) there are two distinct valence
band maxima, separated in energy as well as in momen-
tum, and (ii) the energy separation between these maxima
decreases with increasing T up until our highest measured
T ’s.
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Fig. 1: (a) Bulk BZ (black lines) associated with a fcc
crystal structure and corresponding (001) surface BZ (sky-
blue lines). CEIMs of a p-type PbTe sample at (b) ω = -40
meV and (e) ω = -200 meV. (c, f) are analogous plots for
n-type PbSe at ω = -500 meV and -900 meV respectively,
while (d, g) for n-type PbS at ω = -500 meV and -950
meV respectively. Blue lines in (e),(f) and (g) denote Cut1
along which ARPES data have been taken for Figs. 2(b),
2(f) and 2(j), while red lines correspond to Cut2 along
which ARPES data have been taken for Figs. 2(d), 2(h)
and 2(l). Blue and red dots correspond to the momentum
locations of the top of the UVBs and LVBs respective.
Experiments. – We have carried out T dependent
ARPES experiments on various n- and p- type PbQ sin-
gle crystal samples at the PGM beamline of Synchrotron
Radiation Center, Stoughton, Wisconsin using a Scienta
R4000 electron analyzer. In this work, we present ARPES
data from (a) one n- and two p- type PbTe samples
(referred as PbTe1, PbTe2, (b) two n-type PbSe sam-
ples (referred as PbSe1, PbSe2), and (c) two n-type PbS
(PbS1, PbS2) samples. ARPES measurements were per-
formed using plane polarized light with 22 eV photon en-
ergy and data were collected at 2 or 4 meV energy in-
tervals. The energy and momentum resolutions were ap-
proximately 20 meV and 0.0055 A˚−1 respectively. PbQ
samples were prepared by melting mixtures of Pb and Q
at 100−150K above the individual melting points of PbQ
inside evacuated fused silica tubes. PbI2 was used for
achieving n-type doping, while Na for p-type. Typical
carrier concentrations of the n and p-type samples ranged
from 2−5×1019cm−3 and 0.2−2×1019cm−3 respectively.
These samples were cleaved in situ to expose fresh surface
(001) of the crystal for ARPES measurements.
Results. – In order to elucidate the ARPES data,
we first consider the bulk Brillouin Zone (BZ) of PbQ,
which has a face centered cubic (fcc) crystalline structure.
This BZ is represented in Fig. 1(a). PbQ is preferen-
tially cleaved along (001) plane and hence, we concentrate
on its square surface BZ projected onto the (001) plane.
As shown in Fig. 1(a), the Γ and L points project on
the (Γ) and (X) of the surface BZ. In Figs. 1(b)−1(g),
we show constant-energy intensity maps (CEIMs), i.e.,
ARPES data as a function of in-plane momentum com-
ponents kx and ky at fixed ω’s, where ω is electronic en-
ergy with respect to chemical potential. Figs. 1(b) and
1(e) correspond to the CEIMs at ω = -40 meV and -200
meV respectively for a p- type PbTe sample (PbTe1). Hole
pockets derived from the UVBs centered at L points are
clearly visible around X at ω = -40 meV (Fig. 1(b)),
while tubular regions connecting these isolated pockets
appear at ω = -200 meV (Fig. 1(e)). Qualitatively, sim-
ilar evolution of the CEIMs with ω can be seen for PbSe
in Figs. 1(c) and 1(f), and for PbS in Figs. 1(d) and
1(g). In first principles calculations [29,32,33], such tubu-
lar regions [29,32,33] have been associated with the LVB,
whose maximum occurs along the line between the Γ and
K points while other maxima occur at W and along Γ-X.
Furthermore, these maxima have been predicted to lead
to a quasicubic filament of valence states at higher bind-
ing energies. The ω dependence of CEIMs in Fig. 1 seems
to be in accord with these. The method for construct-
ing the CEIMs in Fig. 1 is as follows: starting from the
raw ARPES data, we first subtract the constant signal at
ω>0 (due to second order light) and then, we normalize
each ARPES spectrum by the area enclosed by it and the
energy axis between measured values of ω. The raw data
covered more than one half of the surface BZ for each sam-
ple. For better visualization, the CEIMs in the entire BZ
ware reconstructed by reflections, using interpolations to
uniform grids.
To further investigate the valence band structure of
PbQ, we look into Fig. 2. Here band dispersions and
ARPES energy-momentum intensity maps (EMIMs) along
two specific momentum space cuts, namely cut 1 and cut
2 defined in Fig. 1, are presented. Figs. 2(b), 2(f), 2(j)
correspond to EMIMs along cut 1, while Figs. 2(d), 2(h),
2(l) to those along cut 2. Figs. 2(b), 2(d) correspond to
a n-type PbS sample, Figs. 2(f), 2(h) to a n-type PbSe,
and Figs. 2(j), 2(l) to a p-type PbTe sample. One can rec-
ognize an electron band, i.e., the conduction band (CB),
separated in energy and momentum from a hole band, i.e.,
the UVB, in EMIMs along cut 1 for n-type PbS and PbSe
samples. The CB of the p-type PbTe sample is invisible as
it is in the unoccupied side. On the contrary, a separate
hole band alone is present along cut 2 in each of Figs. 2(d),
2(h), 2(l). As to the first principle calculations, the sec-
ondary valence band maxima are located away from Γ-X
where the fundamental gap is found so that the next max-
ima would correspond to the LVB. Therefore, we identify
the hole bands along cut 2 as the so-called LVBs since
their maxima are located away from Γ-X. We would like
to point out that all high symmetry lines including Γ-X,
Γ-K, K-W and W-X project onto Γ-M in the (100) surface
Brillouin zone. It will be an important topic for future
studies to establish association of this second valence band
p-2
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Fig. 2: Band dispersions (shown by open circles) and EMIMs along cut 1 for (a, b) PbS, (e, f) PbSe and (i, j) PbTe,
and along cut 2 for (c, d) PbS, (g, h) PbSe and (k, l) PbTe. Parabolic fittings of the dispersions are shown by solid
curves in (a), (c), (e), (g), (i), and (k). (m) A schematic diagram showing relative positions of the conduction band
(CB), LVB and UVB in PbQ. (n) EDC (green curve) and its second derivative (golden curve) at kU for PbS. The blue
line through data points in (n) guides almost linearly increasing intensity of the EDC with ω for ω<ΩU, while the
green line for ω>ΩC. The positions of ΩU and ΩC agree well with the peak positions of the second derivative of the
EDC. (o) EDC (magenta curve) and its second derivative (golden curve) at kL. Black line through data points show
linear increase in intensity of the EDC with ω for ω<ΩL.The position of ΩL also matches nicely with the peak position
of the second derivative of the EDC. k1=kx-(k
U)x, k2=k·eˆ - kL·eˆ, where eˆ is the unit vector along momentum space
cut 2.
Table 1: Values of effective mass of the UVB (m∗UV B), and
that of the LVB (m∗LV B) in units of electronic mass me
Materials
m∗UVB
me
m∗LVB
me
PbTe 0.045 0.121
PbSe 0.087 0.141
PbS 0.093 0.349
to a specific bulk electronic state via a detailed study of
the three-dimensional electronic structures. Nevertheless,
Figs.1 and 2 together corroborate the two-band picture for
the valence band structure of PbQ.
Now we discuss the methodology for extracting band
dispersions and band edges of UVBs and LVBs of PbQ
from their EMIMs. As to the procedural details, we refer
to Figs. 2(n) and 2(o), where we display Energy Distri-
bution Curves (EDCs) along with their second derivatives
with respect to (w.r.t) ω at the kU, the momentum lo-
cation associated with the band maximum (BM) of the
UVB, and at (kL), the momentum location of the BM of
the LVB, respectively for a PbS sample. In this context,
an EDC is the distribution of electrons as a function of
ω at a fixed momentum. On closer inspection Fig. 2(n)
reveals a rather sharp rise in intensity of the EDC on top
of a nearly flat background signal below a certain value of
ω. We define this particular ω as ΩU, which marks the ω
location of the BM of the UVB (Fig. 2(m)). The inten-
sity of the EDC in Fig. 2(n) also displays similar abrupt
increase above a certain value of ω. We call this ω as ΩC,
which denotes the ω location of the band bottom (BB) of
the CB. Furthermore, ω location of the BM of the LVB,
referred as ΩL, can be obtained by utilizing identical anal-
ysis of the EDC at kL in Fig. 2(o). It is straightforward to
realize that ΩU, ΩC and ΩL also correspond to the local
maxima of the second derivatives of the relevant EDCs
w.r.t ω. This is demonstrated via Figs. 2(n), 2(o) and
further elaborated in Figs. S1 and S2 of the supplemen-
p-3
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tary section. As to the dispersion of an energy band, it
can be tracked by detecting the local maxima of the in-
tensity profiles as a function of ω at a fixed momentum for
a series of momentum values in the second derivative of
an EMIM. Band dispersions, constructed via such second
derivatives analysis, of UVBs are presented in Figs. 2(a),
2(e), 2(i), while those of LVBs in Figs. 2(c), 2(g), and
2(k). From parabolic fitting of a dispersion in the vicinity
of its BM, corresponding effective mass can be approxi-
mated. Listed values of effective masses in Table 1 clearly
show that LVBs are heavier than UVBs in PbQ. This can
readily be inferred by visual comparisons of their EMIMs
as well.
Table 2: Values of ∆L, ∆U, and ∆ obtained from n-type
PbTe, PbSe, and PbS samples at T∼100K
Materials ∆U (meV) ∆L (meV) ∆ (meV)
PbTe 190 320 130
PbSe 204 594 390
PbS 309 838 529
The band gap ∆U of the UVB is given by: ∆U=ΩC-ΩU
(Fig. 2(m)). Similarly, the band gap ∆L is: ∆L=ΩC-ΩL
(Fig. 2(m)). In Table 2, we display ∆U and ∆L for various
n- type PbQ samples. Data from PbSe and PbS are shown
in Fig. 2, while those from n- type PbTe sample has been
displayed in Fig. S3 of the supplementary section. The
samples under current studies do not have the exact same
carrier concentration and thus, the useful quantity to be
compared is ∆=∆L-∆U, i.e., the difference between energy
gaps of the LVB and UVB. Table 2 shows that ∆ is largest
for PbS and smallest for PbTe, while in between for PbSe
at T∼100K.
The objective of the remainder of the paper is to in-
terrogate the impact of increasing T on valence bands of
PbQ. This is summarized in Figs. 3 and 4. In Figs. 3(c)
and 3(g), we plot T dependent EDCs for n-type PbSe and
PbS samples respectively at their individual kUs, while in
Figs. 3(d) and 3(h) at their kLs. We also display simi-
lar plots for two p-type PbTe samples in Figs.( 3(a), 3(e))
for PbTe1 and in Figs. (3(b), 3(f)) for PbTe2. Follow-
ing procedures enunciated via Fig. 2, we obtain ∆U(T )
and ∆L(T ) for both PbSe and PbS and then plot them in
Figs. 4(a) and 4(b). ∆L depends rather weakly on T . In
sharp contrast to this, ∆U grows appreciably with rising T ,
which is consistent with positive temperature coefficients
of fundamental band gap found by optical experiments in
PbQ [26, 35–37]. It is worth mentioning that such a posi-
tive rate of change of band gap with T in PbQ is opposite
to what occurs in most other semiconductors. In fact,
this anomaly helps PbQ to achieve high thermoelectric
efficiency since it can mitigate the bipolar effects arising
from intrinsic carrier activation. The later causes the sup-
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Fig. 3: EDCs as a function of T at kU for (a, e) p- type
PbTe (PbTe1 and PbTe2), (c) n-type PbSe and (g) n-
type PbS, while those at kL for for (b, f) p-type PbTe
(PbTe1 and PbTe2), (d) n-type PbSe and (h) n-type PbS.
Solid and dashed lines in (c) and (d) correspond data
from PbSe1 and PbSe2 respectively, while in (g) and (h)
from PbS1 and PbS2 respectively. Blue lines through data
points in (a), (e), (c) and (g) exhibit rather sharp changes
in slope of the EDCs at ω∼ΩU, while green lines in (c) and
(g) mark those at ω∼ΩC. Similarly, black lines through
data points in (b), (d), (f) and (h) denote rather abrupt
changes in slope of the EDCs at ω∼ΩL. Blue arrows in
(a) and (e) point ΩU’s, while black arrows in (b) and (f)
ΩL’s.
pression of thermoelectric figure of merit zT at high T ’s in
a material. We also point out that ΩC of the p-type PbTe
sample can’t be determined since its conduction band lies
in the un-occupied side of its band structure. We can,
however, locate ΩU from Figs. 3(a), 3(e) and ΩL from
Figs. 3(b), 3(f). Therefore, ∆(T )=ΩU(T )-ΩL(T ) of PbTe
like PbSe or PbS can be plotted.
It is evident that ∆ of each PbQ sample decreases mono-
tonically with increasing T (Fig. 4(c)) in the T range
of our measurements. ∆(T ) can be well represented by
straight lines. From linear extrapolation of ∆(T ) to zero,
a characteristic temperature T ∗ can be defined, at which
the BM of the LVB is expected to merge with that of the
UVB. Estimated value of merging temperature T ∗∼813K
(PbTe), 1148K (PbSe) and 1296K (PbS). Although such
estimation of T ∗ involves an extrapolation over a large T
range, the values of T ∗ obtained from our ARPES data
agree reasonably with those from recent magnetic and op-
tics measurements [25,26]. We provide further details con-
cerning the connection between various attributes of our
T dependent measurements and those from the literature
in the supplementary section. Monotonic T dependence
of ∆ suggests that PbQ should become semiconductors
with indirect band gap for T>T ∗, where the heavy hole
p-4
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LVB rises in energy above the light hole UVB. In this sce-
nario, the charge transport in PbQ should be dominated
by the heavy holes created due to thermal excitations as
T approaches T ∗ and ∆(T=T ∗)∼kBT ∗. This band con-
vergence increases the density of states of heavier holes,
and thus, results in an enhanced Seebeck coefficient and
thermoelectric power factor at higher T ’s. All these are re-
sponsible for superior thermoelectric performance of PbQ
at elevated temperatures.
∗ ∗ ∗
U.C. acknowledges supports from the National Science
Foundation under Grant No. DMR-1454304 and from
the Jefferson Trust at the University of Virginia. Work
at Argonne National Laboratory (C.D.M., D.Y.C., S.R.,
M.G.K.) was supported by the U.S. Department of En-
ergy, Office of Basic Energy Sciences, Division of Materials
Science and Engineering.
REFERENCES
[1] Vineis C. J., Shakouri A., Majumdar A. and
Kanatzidisl M. G., Adv. Mater., 22 (2010) 3970.
[2] Pei Y., LaLonde A. D., Heinz N. A. and Snyder G.
J., Adv. Energy Mater., 2 (2012) 670.
[3] Dresselhaus M. S., Chen G., Tang M. Y., Yang R.
G., Lee H., Wang D. Z., Ren Z. F., Fleurial J. -P.
and Gogna P., Adv. Mater., 19 (2007) 1043.
[4] Zhao L., Dravid V. P. and Kanatzidis M. G., Energy
Environ. Sci., 7 (2014) 2014.
[5] Kanatzidis M. G., Chem. Mater., 22 (2010) 648.
[6] LaLonde A. D., Pei Y. and Snyderl G. J., Energy En-
viron. Sci., 4 (2011) 2090.
[7] Girard S. N., He J., Zhou X., Shoemaker D., Ja-
worski C. M., Uher C., Dravid V. P., Heremans J.
P. and Kanatzidis M. G., J. Am. Chem. Soc., 133 (2011)
16588.
[8] Pei Y., Shi X., LaLonde A., Wang H., Chen L. and
Jeffrey Snyder G., Nature, 473 (,) 2011 66.
[9] Biswas K., He J., Zhang Q., Wang G., Uher C.,
Dravid V. P. and Kanatzidis M. G., Nat. Chem., 3
(2011) 160.
[10] Bozˇin E. S., Malliakas C. D., Souvatzis P., Proffen
T., Spaldin N. A. and Kanatzidis M. G., Science, 330
(2010) 1660.
[11] Keiber T., Bridges F. and Sales B. C., Phys. Rev.
Lett., 111 (2013) 095504.
[12] Fu L., Phys. Rev. Lett., 106 (2011) 106802.
[13] Xu S. -Y., Liu C., Alidoust N., Neupane M., Qian
D., Belopolski I., Denlinger J. D., Wang Y. J., Lin
H., Wray L. A., Landolt G., Slomski B., Dil J. H.,
Marcinkova A., Morosan E., Gibson Q., Sankar R.,
Chou F. C., Cava R. J., Bansil A. and Hasan M. Z.,
Nat. Commun., 3 (2012) 1192.
[14] Tanaka Y., Ren Z., Sato T., Nakayama K., Souma
S., Takahashi T., Segawa K. and Ando Y., Nat. Phys.,
8 (2012) 800.
[15] Dziawa P., Kowalski B. J., Dybko K., Buczko R.,
Szczerbakow A., Szot M.,  Lusakowska E., Balasub-
ramanian T., Wojek B. M., Berntsen M. H., Tjern-
berg O. and Story T., Nat. Mater., 11 (2012) 1023.
[16] Okada Y., Serbyn M., Lin H., Walkup D., Zhou W.,
Dhital C., Neupane M., Xu S., Wang Y. J., Sankar
R., Chou F., Bansil A., Zahid Hasan M., Wilson S.
D., Fu L. and Madhavan V., Science, 341 (2013) 1496.
[17] Wojek YB M., Dziawa P., Kowalski B. J., Szczer-
bakow A., Black-Schaffer A. M., Berntsen M. H.,
Balasubramanian T., Story T. and Tjernberg O.,
Phys. Rev. B, 90 (2013) 1496.
[18] Polley C. M., Dziawa P., Reszka A., Szczerbakow
A., Minikayev R., Domagala J. Z., Safaei S., Kacman
P., Buczko R., Adell J., Berntsen M. H., Wojek
B. M., Tjernberg O., Kowalski B. J., Story T. and
Balasubramanian T., Phys. Rev. B, 89 (2014) 075317.
[19] Tanaka Y., Shoman T., Nakayama K., Souma S.,
Sato T., Takahashi T., Novak M., Kouji Segawa and
Yoichi Ando, Phys. Rev. B, 88 (2013) 235126.
[20] Neupane M., Xu S. Y., Sankar R., Gibson Q., Wang
Y. J., Alidoust N., Bian G., Liu C., Belopolski I.,
Ohtsubo Y., Taleb-Ibrahimi A., Basak S., Tsai W.
-F., Lin H., Cava R. J., Bansil A., Chou F. C. and
Hasan M. Z., arXiv:1403.1560, . (
)
[21] Matsushita Y., Bluhm H.,Geballe T. H. and Fisher
I. R., Phys. Rev. Lett., 94 (2005) 157002.
[22] Andreev A. A. and Radionov V. N., Sov. Phys. Semi-
cond., 1 (1967) 145.
[23] Sitter H., Lischka K. and Heinrich H., Phys. Rev. B,
16 (1977) 680.
[24] YRavich Y. I., Efimova B. A. and Tamarchenko V.
I., Phys. Status Solidi B, 43 (1971) 11.
[25] Jaworski C. M., Nielsen M. D., Wang H., Girard
S. N., Cai W., Porter W. D., Kanatzidis M. G. and
Heremans J. P., Phys. Rev. B , 87 (2013) 045203.
[26] Gibbs Z. M., Kim H., Wang H., White R. L., Drymio-
tis F., Kaviany M. and Jeffrey Snyder G., Appl. Phys.
Lett., 103 (2013) 262109.
[27] Allgaier R. S. and Houston B. B. Jr, J. Appl. Phys.,
37 (1966) 302.
[28] Ekuma C. E., Singh G. J., Moreno J. and Jarrell
M., Phys. Rev. B, 85 (2012) 085205.
[29] Singh D. J., Phys. Rev. B, 81 (2010) 195217.
[30] Hinkel V., Haak H., Mariani C., Sorba L., Horn K.
and Christensen N. E., Phys. Rev. B, 40 (1989) 5549.
p-5
J. Zhao et al.
[31] Nakayama K., Sato T., Takahashi T. and Murakami
H., Phys. Rev. Lett., 100 (2008) 227004.
[32] Svane A., Christensen N. E., Cardona M., Chantis
A. N., van Schilfgaarde M. and Kotani T., Phys. Rev.
B, 81 (2010) 245120.
[33] Wiendlocha B., Phys. Rev. B, 88 (2013) 205205.
[34] Littlewood P. B., Mihaila B., Schulze R. K., Sa-
farik D. J., Gubernatis J. E., Bostwick A., Roten-
berg E., Opeil C. P., Durakiewicz T., Smith J. L.
and Lashley J. C., Phys. Rev. Lett., 105 (2010) 086404.
[35] Miller E., Komarek K. and Cadoff I., J. Appl. Phys.,
32 (1961) 2457.
[36] Tauber R. N., Machonis A. A. and Cadoff I. B., J.
Appl. Phys., 37 (1966) 4855.
[37] Tsang Y. W. and Cohen M. L., Phys. Rev. B, 3 (1971)
1254.
p-6
